Bioenergy policies affect both the environment and biomass availability for food, feed, and fiber on a national and international scale. To support policy makers, knowledge and methods from different scientific disciplines in the form of integrated assessments is necessary. Therefore we developed the MILESTONES framework which models the links between the national bioenergy system and the global land-use system as an integrated modeling approach. It builds on a set of three well-tested models (MAGNET, LandSHIFT and BENSIM). The prototype's functionality was demonstrated by assessing the environmental impacts of future German bioenergy strategies on a global level and along the entire biomass provision chain. The results from the case study show that, on the one hand, German bioenergy strategies have little effect on international market prices, but on the other hand land-use policies on an international level strongly influence the environmental performance of any German bioenergy strategy.
Introduction: background and research agenda
Bioenergy is obtained from renewable biomass sources. Currently, these mainly include woody biomass from forests and food crops grown on agricultural land, but also consist of biogenic residues and waste. On the global scale, the provision of bioenergy is by far the most important renewable energy source and is considered to be one approach to reducing global greenhouse gas emissions (Chum et al., 2011; REN21, 2014; Smith et al., 2014) . Energy carriers that are derived from biomass, whose composition and behavior are similar to fossil carriers, will play an ever increasing role in the future in the transport and power sectors (Eisentraut and Brown, 2014; OECD/IEA, 2011) . Moreover, biomass enables flexible power supply and storage in the power sector. These characteristics of biomass, which have driven bioenergy policy in the past, provide an opportunity to overcome major challenges in climate protection and to enable the transition to a renewable resource base (EC, 2013; Inderwildi and King, 2009) . At the same time, the provision and use of bioenergy from energy crops causes additional demand for agricultural land and may increase pressure on this limited resource (van Renssen, 2011; UNEP, 2012) . Bioenergy policy is strongly accompanied by intensive debates on bioenergy use with regard to the effects on different dimensions of sustainability, such as the food versus fuel debate and the debate on environmental impacts of direct and indirect landuse change triggered by energy crop production. Possible effects on, for instance, food security and biodiversity preservation are also relevant in the design of bioenergy policies. These bioenergy policies are thus driven by some of the big challenges of global change (Fig. 1) .
The ongoing discussion on biomass availability, and the direct and indirect effects of bioenergy policy, forces decision makers to not only define overall targets for bioenergy use, but also to prioritize in which energy sectors the limited resource should be used.
Due to international markets and transnational effects of changing demand patterns for bioenergy resources, national bioenergy policies also affect the international situation regarding biomass availability for food, feed, fiber and other purposes. At the same time, global trends can strongly impact national bioenergy strategies. Hence policymakers from different fields are faced with very complex decision-making issues.
To provide comprehensive, simplified and transparent information about the possible impact of future bioenergy policies, it is necessary to establish potential bioenergy development options and to assess their effects with regard to the different dimensions of sustainable development on different levels. To do this, we need to consider the feedback between different policy fields and the robustness of the effects within the context of changing framework conditions and priorities.
This requires a combination of data, knowledge and methods from different scientific disciplines in the form of integrated assessments (IA). Integrated models (IM) are important tools for supporting these assessments (Hamilton et al., 2015) . In our case, they facilitate the analysis of the interactions between bioenergy technology pattern, the energy system, agricultural commodity markets and land-use change, and therefore help to improve our understanding of the system as well as to provide information that can be used in decision making.
There are a number of models that concentrate on specific elements of the entire bioenergy supply chain. For example van der Hilst et al. (2012) and Humpen€ oder et al. (2013) analyzed the effect of bioenergy policies on land-use change and the related environmental impacts on a regional level using spatially explicit land-use models that operate using a geographic raster. In both cases, projections for food, fiber and biofuel demands were based on external data sources. In contrast to the studies mentioned above, Laborde (2011) analyzed the effect of the EU bioenergy policy on direct and indirect land-use changes at a rough geographic level using an economic equilibrium model (MIRAGE) with a much lower resolution of land-use change (only calculated at the basic level of the MIRAGE regions). In contrast, integrated assessment models for bioenergy analysis can combine energy sector models with economic equilibrium models and land-use models. Popp et al. (2014) compare three different modeling approaches for the integrated analysis of energy and land systems on a global level: GCAM (Clarke et al., 2007) , IMAGE (Bouwman et al., 2006) and REMIND/MAgPie (Popp et al., 2011) . In their current form, these models are only of limited use in supporting the development of national bioenergy strategies as they operate using a rough spatial resolution (world regions). Unlike consequential life cycle assessments (e.g. Cherubini and Strømman, 2011) they do not take into consideration the whole biomass-to-bioenergy value chain, such as greenhouse gas emissions, when analyzing environmental impacts.
The key aspect of the research project "MILESTONES 2030" was to identify elements and milestones in order to develop a stable and sustainable German bioenergy strategy . This required an integrated assessment that included socio-economic and technological processes as well as an analysis of environmental impacts. Regarding the aforementioned limitations of existing modeling approaches, one important aspect was the construction of an integrated modeling system to aid policymakers in designing a strategy for using bioenergy which (i) considers the complexity of drivers and processes, (ii) determines the environmental and economic effects of these strategies on the national and global level, and (iv) provides appropriate information for the different fields of policy. In order to illustrate the different elements of the assessment and, in particular, the development of the model, we have structured the paper according to the four phases of integrated assessment modeling described by Hamilton et al. (2015) : (1) scoping the problem, (2) problem framing and formulation, (3) analysis and assessment of options and (4) communication of the findings.
In Section 2 we describe the scoping-phase by clarifying the objectives, system boundaries, stakeholders and issues of concern within the bioenergy policy field in Germany. In Section 3 we conceptualize the system concept and define management scenarios for a more in-depth analysis of problem framing and formulation. An analysis and assessment of the options make up the main body of the integrated analysis, and are therefore divided into two sections. In Section 4 we describe the structure and the elements of the model set-up and the model coupling. In Section 5 the defined scenarios are analyzed and assessed, including the results from the integrated modeling and a further assessment of those results. The last step of the integrated assessment -a communication of the findings -is examined in Section 6. Finally, in Section 7, we discuss the integrated assessment modeling approach in terms of the modeling framework, the quality of the scenario assessment results, and the potential to further improve the approach.
Scoping the problem
In the scoping phase, we defined the objectives, system boundaries, stakeholders and issues of concern. To support future bioenergy strategies, we need to address the stakeholders within the bioenergy policy field. Due to a close interrelationship between biomass and bioenergy, these bioenergy decision makers are typically placed in different ministries, i.e. the Ministry of Agriculture (biomass provision), the Ministry of Economic Affairs and Energy (bioenergy e power and heat), and the Ministry of Transport (bioenergy for transport) etc. In terms of the transition of the energy system, different expectations regarding future bioenergy utilization are expressed at the national level (BMELV/BMU, 2010; BMVBS, 2013) . Today it is also expected that increased use of biomass might negatively impact land, environment and social effects in different ways. This applies not only to Germany but also to other regions of the world, which in turn also influences international sustainability issues surrounding future bioenergy utilization.
There is a growing need for clear, stable, long-term priorities to provide additional bioenergy within the different energy sectors (heat, power and transport). In the latter case, it is reasonable to ask which technologies would best utilize this potential. However, the representation of the bioenergy sector in existing studies is usually too general in order to answer such a question. The focus of this study is to assess the environmental, economic and technological effects of different bioenergy strategies in more detail.
The starting point for the creation of an overarching bioenergy strategy for Germany is the actual biomass for energy provision of 1100 PJ/year in 2010 (calculation based on AGEE-Stat (2013)). It should be noted that biomass utilization more than tripled in every energy sector between 2002 and 2012. In addition, many of the bioenergy conversion plants have an expected time of operation and, hence, a biomass demand that extends to 2025 or even beyond (Fig. 2) .
At the same time, the normative limit has also been set so that the amount of biomass used for energy production in Germany does not exceed the sustainable biomass use of 1550 PJ of primary energy, which is assumed as the domestic production potential, according to (Nitsch et al., 2012) . So the expected use of biomass for energy provision is a function of the installed capacities and their technical life time. The degree of freedom in using the limited biomass for different applications increases after the end of the lifetime of the currently established plants. Modern biomaterials and biochemicals are not part of this biomass potential so that available biomass potential for further bioenergy provision can be calculated from biomass potential and current use (about 450 PJ/ year in 2010; see Fig. 2 ).
Under this framework, policy advice for a bioenergy strategy should consider long-term development potentials for the most relevant drivers such as land-use change, technological development, competitiveness of bioenergy provision concepts and the role of bioenergy in the overall energy system. Any trend in bioenergy also affects the overall energy supply and vice versa. Hence, the trends in the overall energy system need to be considered when framing the problem.
Many future settings are possible when it comes to these drivers. In order to provide valuable information for policy decision-making processes on the longer term, it is necessary to clearly address the model system with dedicated research questions. As part of the ongoing bioenergy discussion in Germany there are special concerns about national priorities for the provision of power versus transport fuels, and the global impact of a national bioenergy strategy e especially with regard to the related biomass demand. We translated these concerns into two key questions to further develop a bioenergy strategy. These should be answered with help of the MILESTONES framework:
(1) Based on future biomass potentials for flexible power provision or for transport e how do resource demand, technology development, expected installation and environmental impacts differ over the longer term?
(2) Does the picture change if the currently discussed impacts on land-use change and the related environmental impacts are reduced by an internationally sustainable land-use policy in the coming decades?
3. Problem framing and formulation
System conceptualization
At this point, a conceptual model that describes the main elements and processes of the studied system is derived as a basis for the modeling framework. The conceptual model includes the national bioenergy system (Germany in our case study) and its links to national and global biomass markets. The relevant processes follow the biomass-to-bioenergy value chain from cradle to grave. These elements comprise (i) land-use systems that define the resource basis for biomass production from forestry and agriculture, (ii) global trade and biomass markets (economic system) and (iii) the respective national bioenergy system (see also Fig. 3 ).
Definition of management scenarios
To assess the key questions identified in Section 2, we conducted an analysis of four scenarios describing German bioenergy policy options up to 2050. In order to achieve robust results for advising policy, we decided to clearly show the effects of different political decisions by assessing scenarios with extreme framework conditions for the two key questions (in the sense of "policy decided to implement option A or B").
Scenarios were defined in which (i) biomass is either used to produce fuels or combined heat and power (CHP) and where (ii) different sustainability criteria limit land-use change and thus biomass availability (Table 1) . Briefly, in contrast to the business-asusual (BAU) scenarios, the sustainability scenarios (S) show (i) a stronger protection of primary forests, (ii) no conversion of forest to cropland or pasture land, (iii) a protection of areas with high biodiversity, (iv) an implementation of the Aichi biodiversity target 11 that conservation areas should cover at least 17% of the terrestrial Earth surface (Tittensor et al., 2014) , (v) protected carbon-rich areas and prohibited use of wetlands or peatland, (vi) a ban on converting pastureland into cropland in the European Union (EU) from 2020 onwards, (vii) a more rapid increase in CO 2 costs up to 100V/tCO 2 in 2050 and (viii) faster cost reductions through research and development (corresponding to one learning rate in 3 instead of 10 years). These assumptions were translated into four extreme scenario settings.
These scenarios were embedded in a German transition strategy towards a highly efficient energy supply based on renewable resources in 2050 (BMU, 2009; Nitsch, 2008; Nitsch et al., 2010 Nitsch et al., , 2012 Schlesinger et al., 2010) . Output data from existing energy system models and the national bioenergy policy framework were used as a starting point. This takes into account the future pattern of energy demands for heat, power and transport, and the role of other renewables and fossil fuels, as well as other parameters from a well renowned study (Nitsch et al., 2012) covering the entire German energy system. This information was supplemented with data updates, e.g. for the power sector, mobility scenarios, and trends in fertilizer production (IFEU, 2015; Thr€ an et al., 2013) . Within this context, the bioenergy sector and the effects of bioenergy use are analyzed in more detail. This enables the specific bioenergy results of this study to be interpreted in the context of the overall energy system with only moderate computational burden.
In addition to the above-mentioned points, we considered a global trend towards an energy supply in 2050 that is increasingly Fig. 2 . Development of biomass potentials (Nitsch et al., 2012) and bioenergy use (both in petajoules) in Germany (based on AGEE-Stat (2013), Nitsch et al. (2012) and our own assumptions).
based on wood and advanced, lignocellulose-based biofuels (IEA, 2014) for all scenarios with higher global production quantities in the two sustainability scenarios (IINAS, 2014).
Model set-up

Structure of the modeling framework
The software prototype of the MILESTONES modeling framework is an implementation of the conceptual model that we described in Section 3 as an operating computer model (see Magliocca et al., 2015) . It provides an integrated assessment tool (1) to analyze different scenarios of bioenergy use in Germany taking into account global framework conditions and (2) to evaluate options for a sustainable bioenergy strategy. Fig. 3 shows the structure of the modeling framework. It combines (1) the global economic equilibrium model MAGNET to describe international markets and trade, (2) the grid-based global land-use model LandSHIFT to determine the location and extent of global land-use change, and (3) the bioenergy market model BENSIM to simulate the competition between bioenergy options at the national level in Germany. Models were coupled using a softlink approach. This means that the models still operate as standalone tools that exchange data via defined interfaces. In the next 3 sections we describe the individual models, their respective input requirements and the generated output data. Then the procedures for model coupling and data exchange are outlined (Section 4.5).
Additionally, we implemented a set of analytical tools to assess the impacts of the modeled bioenergy options on the environment, regional infrastructure and global food security (Thr€ an et al., 2015).
In section 5 of this paper we describe results from an analysis of selected environmental impacts.
Modeling the global provision of biomass
One central aspect of our modeling framework is the general equilibrium model MAGNET (Modular Applied GeNeral Equilibrium Tool) which is used to calculate future economy and trade. It explicitly determines supply, demand and prices of agricultural products in a macroeconomic context taking into account competition over inputs between all economic sectors.
MAGNET is a recursive dynamic computable general equilibrium (CGE) model that focuses on agricultural sectors within the world economy. The current version uses the GTAP 8 database (Narayanan et al., 2012) which represents the world economy in 2007 in US dollars. It distinguishes between 134 regions (which were aggregated into 35 world regions within our framework) and 57 sectors. The GTAP core of MAGNET was subsequently extended by several modules (for details see Woltjer et al., 2014) . Two of these modules are a detailed representation of agricultural land supply (Eickhout et al., 2009 ) and the inclusion of biofuel sectors and biofuel policies (Banse et al., 2008) . The biofuel module is refined to include exogenously given absolute demand of biofuel in metric tons of oil equivalent (mtoe).
MAGNET is mainly driven by changes in human population, gross domestic product and technological change over time. Additional exogenous drivers are trade, agricultural and biofuel policies, constraints on land supply, factor mobility (the ability to move production factors from one sector to another), and the possibilities for substituting inputs and products. The exogenous 
Table 1
The four extreme scenarios for long-term bioenergy options in Germany.
Biomass for combined heat and power provision for Germany under an international, business-as-usual land-use policy CHP-BAU Biomass for transport fuel provision for Germany under an international, business-as-usual land-use policy Fuel-BAU Biomass for combined heat and power provision for Germany under an international, more sustainable land-use policy CHP-S Biomass for transport fuel provision for Germany under an international, more sustainable land-use policy Fuel-S drivers are derived from recognized international statistics.
In MAGNET, scenarios differ with regard to demand for bioenergy and sustainable land-use policies (Table A6) . The sustainable land-use policy is interpreted as a reduction in available land for crop cultivation. Additionally, the conversion of grassland to cropland is not allowed in the European Union from 2020 onwards. In MAGNET, the bioenergy demand is distinguished between conventional biofuels and bioenergy options using lignocellulosic biomass and is formulated in absolute demand and land demand, respectively. The land demand for lignocellulosic biomass further reduces the available land for crop cultivation. For all world regions except Germany, the two BAU scenarios CHP-BAU and Fuel-BAU use the same assumptions for bioenergy demand and sustainable land use policies in contrast to the two S scenarios (Table A7 ). Only the bioenergy mix varies between all four scenarios in Germany (Table A7 ).
Modeling the bioenergy system in Germany
In order to model the competition between different bioenergy technology options, a myopic least-cost simulation model with endogenous technological learning (BioENergy SImulation Model, BENSIM) was developed. A detailed description can be found in Millinger et al. (2015) .
BENSIM simulates the least-cost mix of biofuel or bioenergy production options on a yearly basis. Investment costs, operation and maintenance costs, as well as black box input and output variables for the processes (feedstock, power, byproducts, GHGemissions etc.) coupled with costs serve as a data basis for the modeling.
The main drivers of the model are bioenergy provision costs that are mainly influenced by costs for biomass, technical learning (a reduction in investment costs with increased capacity and/or through research and development) and efficiency improvements. Biomass potentials also serve as a limit for some pathways. The model's main output consists of production shares of the different options resulting from competition that is based on the internally generated cost trends (based on technological learning effects under competition) to satisfy a bioenergy target or until biomass limits are reached. The model also assesses the sensitivity of markets to different parameters and assumptions. Path dependencies are also captured through the recursive elements of learning effects and previously built capacities.
In terms of simulating the bioenergy provision in BENSIM, the main differences between the scenarios are that there is a more rapid increase in CO 2 costs towards 100V/tCO 2 eq in 2050 in the S scenarios (roughly corresponding to a logarithmic and an exponential curve respectively, with the end-point being the same). At the same time, cost reductions through research and development are more rapid (one learning rate in 3 years instead of 10), as well as differing feedstock prices obtained from MAGNET.
Modeling the global land-use system
The global land-use system is represented by the LandSHIFT model which is used to calculate spatial and temporal land-use change due to the cultivation of food and energy crops, grazing and urbanization. A detailed description can be found in Schaldach et al. (2011) and Alcamo et al. (2011) . LandSHIFT operates on a global spatial grid with a cell size of 5 arc-minutes (~9 Â 9 km at the equator). Each cell is assigned to a world region (regional level). Model drivers are specified separately for each world region. These include the production quantities of different crop types, yield improvements due to technological change, change in livestock numbers and human population growth. Cell-level information comprises land-use type, human population density, and a set of parameters that describe the landscape characteristics (e.g. terrain slope, potential yields, road infrastructure) and land-use restrictions (e.g. protected areas). The model is initialized with a global land-cover map for 2007. Additional information on the spatial location of crop types and pasture is introduced by merging this map with statistical data on cropland and grazing land area on a regional level. During the simulation, LandSHIFT translates the regional model drivers into spatial land-use patterns. At the beginning of every time step the suitability of each raster cell for the different land-use types is determined based on cell-level information. Thereafter the model uses region-level data to determine and allocate the land needed for each crop type, pasture and settlement in the most suitable cells. Model results are raster maps that depict the spatial and temporal patterns of land-use change within the different regions. Additionally, statistical data on the regional level is calculated that consists of information on the area used for crop cultivation, grazing, settlements, mean crop yields and the area that is potentially available for new cropland and pasture. The potentially available land is determined based on assumptions regarding land-use restrictions, e.g. the protection of forests and natural reserves.
In LandSHIFT the scenarios differ in respect of crop production, livestock numbers and the development of crop yields as well as in respect of their assumptions regarding land-use policies. In the sustainability scenarios land-use policies are modeled in form of land-use constraints that define the extent of protected land which is not available for the expansion of cropland and pasture. GISmaps of primary forests, nature protection areas etc. are used to specify the location of protected land (Table A6 ). The Aichi targets were implemented by randomly selecting unprotected cells with natural vegetation and exclude them from being converted to agricultural land. Additionally, the transition of particular land-use types is disabled, e.g. from pasture to cropland in the EU after 2020.
Model coupling and exchange of data
The first step of model coupling is the adjustment of MAGNET and LandSHIFT with respect to their spatial resolution and represented agricultural commodities, in order to facilitate the exchange of data between the models. Both models are modified to use the same aggregation of world regions (Table A1 ) and differentiate between the agricultural commodities of wheat, coarse grains, oilseeds, sugar crops, rice, other crops and pasture.
In the second step, interfaces for data exchange between the models are defined and a workflow for running the models in coupled mode is developed. Two tables form the interface between MAGNET and LandSHIFT. The LUCC DRIVER table (Table A2) specifies the model input for a LandSHIFT simulation based on MAGNET output. This includes the production of each agricultural commodity for each region in each time step, as well as information on how crop-specific yields change over time as a result of technological progress. It also includes information on the cultivated area of each crop type. The LUCC-RESULTS table (Table A3 ) contains the LandSHIFT output that serves as the input for MAGNET simulation runs, including information on the average yields of the different crops and the area of all land-use types. The interface between MAGNET and BENSIM is organized in a similar way. Using the PRICE CHANGES table (Table A4) , MAGNET provides data to BENSIM for the prices of wheat, coarse grains, oilseeds and sugar crops. In return, BENSIM provides information on the demand of first and second generation biofuels via the table BIOFUEL DEMANDS (Table A5) .
Model coupling is currently carried out in a semi-automated way. This means that the models are run manually by the scientists on independent computer systems while the exchange of data between two coupled models (source, target) via the described interfaces is automated. For the MAGNET-LandSHIFT coupling we implemented a set of R scripts that are responsible for semantic mediation between the models. They extract the relevant information from the respective source model output, generate ASCII files with the interface tables and then copy this information from these files to the input data structure of the coupled target model. The data between BENSIM and MAGNET is exchanged in the same manner through excel files. Models do not exchange data until the simulation runs have been completed (in our case the scenario simulations cover the period from 2010 to 2050, with simulated bioenergy provision in BENSIM starting in 2014 based on the latest available data for technology capacities and feedstock costs). This means that modifications to the model source code were unnecessary for achieving interoperability.
Simulation runs
At the beginning of each simulation run consistent initial conditions for all models are defined. MAGNET and LandSHIFT are initialized with the same statistical data (FAO, 2013) for cultivated area and crop production in the different world regions. Moreover, the assumptions regarding the amount of potentially available land for crop cultivation and pasture are consistent in MAGNET and LandSHIFT (see 4.4). MAGNET and BENSIM use consistent assumptions with regard to initial bioenergy (biofuel) production, expected increases in conversion efficiency, and maximum cost reductions.
The sequence of a simulation run with the coupled models is illustrated in Fig. 3 . It starts with the definition of a set of global assumptions on income and population change as well as trade, agriculture, and environmental and bioenergy policies that include global and national bioenergy targets (as an important part of a bioenergy strategy). Based on these assumptions MAGNET projects the resulting biomass production, demand, trade and commodity price developments until the end of the simulation period. In BENSIM, the projections for feedstock price changes for the German market (both domestic and imported feedstocks) from MAGNET (c) are directly used for wheat, oilseeds and sugar crops, and from "other grains" and wheat to represent maize silage and wood. The projections are interpolated to accommodate for the yearly resolution in BENSIM, which simulates least-cost bioenergy technology developments for Germany. After this initial step we established 2 feedback loops between the models.
Feedback loop 1: Using the national biomass-for-energy demand (d) as an additional input, iterative simulation runs of MAGNET and LandSHIFT are conducted. First, MAGNET calculates agricultural production and initial yield developments until 2050 and provides this information (a) to LandSHIFT where the corresponding land-use changes are also simulated until 2050. Land-SHIFT uses the initial yield development as exogenous technical progress per area and distributes the agricultural production of MAGNET. LandSHIFT reports back to MAGNET (b) with information on medium yield and area of the different land-use types on a regional level. Using the average yield from LandSHIFT, MAGNET is run again and feeds back new agricultural production to LandSHIFT once again. LandSHIFT calculates land-use changes based on this new agricultural production and the initial yield developments. At this point the calculated cropland areas from both models are compared. If their difference exceeds a defined threshold (in the case of our experiments we typically used 10%) exogenous assumptions about crop yield developments within MAGNET are adjusted and a new iteration is initiated (a 0 , b 0 ). If the difference between the calculated area in both models is below the defined threshold, the iteration is halted. In the scenario analysis described above, we typically required between 2 and 6 iterations until the model results converged.
Feedback loop 2: Based on the results from feedback loop 1 another BENSIM simulation is started using the commodity price changes from MAGNET as input data (c 0 ). BENSIM simulates a production technology mix for the depletion of a given supply of biomass for bioenergy. The resulting biofuel supply for Germany is then handed to MAGNET, distinguishing between bioenergy options using lignocellulosic biomass and options using food crops. The conventional biofuel supply is provided to MAGNET in absolute amounts while the advanced biofuel supply is translated into a land demand which is subtracted from the available area for crop cultivation in MAGNET as well as in LandSHIFT (d 0 ). Using this data, MAGNET is rerun and the calculated commodity prices are compared to the commodity prices from feedback loop 1. If differences are above a certain threshold (in the case of our experiments 1%), feedback loop 1 and, consequently also feedback loop 2 are repeated. Otherwise the simulation is finalized. Our simulation experiments show that German biomass demands have a relatively small impact on global commodity prices and the simulations can be finalized without repeating feedback loop 1.
Model evaluation
The plausibility of the underlying model assumptions and the simulation results was evaluated by a scientific advisory board with 13 experts from different disciplines (forestry, agriculture, market modeling, land-use modeling, energy scenario development, environment etc.). For this reason 3 workshops were carried out between 2012 and 2014 where the structure of the modeling framework, the design of the simulation studies as well as the input data and simulation results from the scenario analysis were presented and discussed. The experts confirmed that the MILESTONES framework portrays most of the relevant processes, that the data used for the model initialization and the scenario analysis were scientifically sound and that the scenario simulation results (as described in Section 5) seemed plausible and internally consistent. The identified model limitations are addressed in the discussion section of this article. We have chosen this qualitative evaluation method instead of a comparison against independent data (e.g. Bennett et al., 2013) as at this stage of prototype development our major aim was to ensure that the modeling framework fits its purpose of use (Jakeman et al., 2006) . This approach of model evaluation is often applied in the context of integrated assessment modeling since independent numerical data is often not available to quantitatively test the model performance (e.g. Parker et al., 2002; Jakeman et al., 2006) .
Analysis and assessment of options
Modeling protocol
The MILESTONE modeling framework was applied for conducting four simulation runs covering the different scenarios. Table A6 provides an overview of the scenario assumptions and data sources. In the following sections we describe our key findings with respect to the system components covered by the three models (energy system, global markets and trade, and land-use system). Then we provide an overview of selected environmental impacts.
Main findings for the energy system
The resulting share of bioenergy provision for each option is summarized for the German energy system in Table 2 .
Conventional biofuels continue to dominate with an almost complete dominance of biodiesel in the BAU scenarios. In the S scenarios, biomethane gains large market shares towards the end of the simulation time span. In the CHP cases (S and BAU), options based on biogas and vegetable oil achieve large shares.
Notably, options based on lignocellulosic biomass do not achieve large market shares in any of the cases, neither in the fuel sector nor in the power sector. In the latter case, the reason is largely due to higher investment costs combined with expected lower capacity factors (due to increasing shares of variable renewable energy sources in the power system). In the former case, the fact that there is an expected decrease in cost due to learning does not sufficiently compensate for the increase in feedstock costs needed for these options to become competitive against conventional options.
In the Fuel-S scenario (biofuel provision under stricter land use restrictions) there is a continuously strong increase of biomethane from the year 2025 onwards (see Fig. 4 ). This is partly caused by more steeply increasing biomass prices as well as differing price developments between feedstock from MAGNET, depending, to some extent at least, on land-use costs. This leads to an improved competitiveness of options that are more land and resource effective, such as biomethane from maize silage, which is a process that utilizes the whole crop.
Main findings for biomass market developments
In terms of the global economy, our focus lies on agricultural production and price developments for crops which are potential bioenergy feedstock. In general, crop production increases strongly by 2050. In contrast to the BAU scenarios, the increase in the sustainability scenarios is hampered by land restrictions (Table 3) , which leads to overall production reduction. While all real prices are expected to increase over time for agricultural products, this increase is much higher in the sustainability scenario than in the BAU scenarios. These trends are mainly driven by an increasing global demand for food and feed. The demand on international markets to provide additional feedstock for bioenergy provision in Germany will not significantly affect the international markets and prices for agricultural products. Land restrictions and increasing global agricultural prices are expected to stimulate technical progress in agriculture and lead to higher overall yields and an intensification of agricultural production in the remaining area in all scenarios. Increasing prices for land around the world clearly show that land will be a growing limiting factor in agricultural production in general. In the sustainability scenarios after 2025, land restrictions, such as the protection of natural ecosystems (e.g. primary forests and nature reserves), will cause a change in food consumption as well as in the trade and production patterns of agricultural commodities due to price increases for land as well as agricultural commodities.
In Germany, the Fuel-BAU scenario triggers an increase in vegetable oil demand for the production of biodiesel. Oilseed production and vegetable oil imports increase over time. In the other three scenarios, vegetable oil imports decrease over time because other technologies replace biodiesel. Table 4 provides an overview of the key model results. Under the BAU scenarios, global cropland area is expected to increase from 1400 million hectares (M ha) in 2010 to 2800 M ha in 2050. This increase is lower in the sustainability scenarios, rising to 2400 M ha in 2050. The main reasons for these expected trends are increasing global demands for food and feed in all scenarios. Two important hot spots of land-use change in the BAU scenarios will be Brazil and Southeast Asia. In Brazil, cropland area almost triples, leading to a drastic loss in natural vegetation.
Main findings for land-use change
While we can clearly identify the benefit of applying the sustainability criteria to globally protect natural vegetation, there are no significant differences between the respective fuel and CHP Of all the biofuel options included, only HVOs (hydrogenated vegetable oils) and BTL (biomass-to-liquid) do not show up on the market. Biodiesel dominates but is overtaken by biomethane towards the end of the simulation. Bio-SNG (synthetic natural gas) is the only advanced biofuel which retains a (small) share of the market. Bioethanol is produced from starch at the beginning, sugar over the medium term and straw over the long term.
scenarios. This can be explained by the scenario assumption that additional biomass production for CHP is limited to territory in Germany (see Section 3.2). Consequently, the slight increase in cropland area in Germany that is simulated in all scenarios is higher in the CHP scenarios. Taking into account imports and exports of agricultural commodities to and from Germany as modeled by MAGNET, it becomes obvious that in the BAU scenarios, the cropland area appropriated in other countries (land footprint) to fulfill the German biomass demands for bioenergy production is almost as high as the total domestic cropland area in Germany. In contrast, the sustainability scenarios assume that all biomass for bioenergy in Germany is produced domestically leaving no direct land footprint outside the country. In this case the direct expansion of cropland is located on existing cropland, causing displacement of grassland and areas that have been set aside are taken back into production. Assuming that mainly wheat is displaced and using modeled trade patterns the sum of land needed for biomass production for bioenergy in Germany and missing wheat outside of Germany is estimated. The total amount of needed land is about 30% lower than in the CHP-scenarios.
Global consequences of German bioenergy provision
Further processing of the modeling output
The modeled biomass-to-bioenergy flows enable related impacts to be assessed. This is possible, in principle, for different aspects (i.e. resource use, emissions and associated environmental impacts, impacts on national energy infrastructure, risks to food security, biodiversity, soil quality etc.). There are a number of standardized methods to quantify these impacts. Life cycle assessments (LCA) are most commonly used to identify environmental impacts of a product system, especially those on a global scale (e.g. climate change) or regional scale (e.g. acidification). However, although methodological developments are under way, environmental impacts at local scale (e.g. land use-related impacts on biodiversity and soil) are not yet covered in state-of-the-art LCA studies. Therefore, the screening LCAs are complemented by spatially explicit analyses of land-use-related impacts on biodiversity (see Section 5.5.3) as a key concern in the context of increased biomass production (Hennenberg et al., 2010; Immerzeel et al., 2014) .
Life cycle environmental impacts
Mass flows and the corresponding final energy provision obtained by coupling MAGNET and BENSIM formed the basis for the assessment of environmental impacts of the future bioenergy chains which covered the entire life cycle from cradle to grave. In addition, changes in soil organic carbon due to land-use changes (LUC), as modeled in LandSHIFT, were used to calculate the corresponding greenhouse gas (GHG) emissions in a spatially explicit way. However, within the scope of the MILESTONES project, no reference or baseline scenario was calculated and therefore, only a simplified calculation of LUC effects was possible. Furthermore, LUCs were only modeled in an exemplary fashion due to the fact that the wood sector and biogas plants are not intrinsically included in MAGNET and thus part of the LUC effects of the CHP scenarios cannot be accounted for within the current version of the modeling framework. Screening life cycle assessments (LCA) were performed for all future bioenergy chains. These were closely in line with the international standards ISO 14040 & 14044 on product life cycle assessment (ISO, 2006) .
A system expansion was applied where possible when there were processes with a number of co-products. The same calculation was carried out for all corresponding fossil energy chains. The mixes for electricity, heat and transport fuels were mainly taken from (Nitsch et al., 2012) and remained consistent between the scenarios. Base data was taken from different LCA databases and studies, harmonized and compiled into coherent systems, especially from Kn€ orr et al. (2012), Ecoinvent (2010) and GEMIS (2014) , and supplemented by studies on future parameter trends such as G€ artner (2014) and G€ artner et al. (2014) .
These screening LCAs were subsequently applied to the final energy output derived by BENSIM (for bioenergy) and (Nitsch et al., 2012 ) (for fossil energy) in the different scenarios. This quantified the environmental impacts of the energy system and was done in the following way: Since the focus of the case study is on bioenergy, non-biogenic renewable energies (wind power, photovoltaics etc.) were excluded from the assessment. For each year, the total final energy (Table 5 , row 1) was defined to be the sum of the final energy from fossil fuels and biomass based on numbers from (Nitsch et al., 2012) . The final energy from biomass was provided by BEN-SIM (Table 5 , rows 2e4), substituting fossil energy carriers by up to 45%. However, a considerable share of final energy still has to be provided by fossil energy. Finally, the cumulated environmental impacts (global warming potential, acidification potential and particulate matter emissions) of these energy snapshots (scenarios at a certain point in time) were obtained for the four analyzed scenarios by multiplying the specific environmental impacts with the amount of final energy in the corresponding technology (Table 5 , rows 6e11). Table 5 shows that, for all scenarios, all environmental impacts (in terms of cumulated emissions) associated with the baskets of products decrease over time (see Table 5 , rows 6e11). However, this is, to a large extent, due to the decreasing final energy supply from fossil and bioenergy carriers (see Table 5 , row 1), which is made possible by the increasing proportion of non-biogenic renewable energy in the system and decreasing demand. Due to the difference in final energy supply, the four scenarios can only be compared within each point in time but not between 2030 and 2050.
Within the energy snapshots, the relative contribution of bioenergy to the overall emissions varies between the environmental impact categories. While less significant in terms of global warming potential (2e12%, except for scenario CHP-S in 2050), bioenergy contributes disproportionately to acidification potential and particulate matter emissions. Here we can observe a relative increase over time, at times amounting to more than 50%. In the 2050 CHP-S scenario, for instance, bioenergy makes up roughly three quarters of the acidifying emissions and is responsible for roughly one third of GHG emissions while providing just under 50% of the final energy. These results confirm the well-known fact that bioenergy from dedicated crops typically emits less greenhouse gases (and non-renewable resources) compared to fossil energy carriers, but cause additional burdens in terms of other environmental impacts (Rettenmaier et al., 2010) . GHG emissions associated with land-use change (LUC) effects are not included in Table 5 because they could only be determined properly for the FUEL scenarios. This is due to data quality and sector details of the MAGNET model in its current state of development (see also list of limitations and shortcomings in the discussion section of this paper). Calculations for the FUEL scenarios (not shown here since the focus of this paper is rather on the modeling framework itself than on LCA results) indicate that under unfavorable circumstances, land-use change (LUC) effects significantly increase the amount of greenhouse gases emitted from bioenergy pathways, leading to emissions that are comparable to those from fossil energies .
In terms of cumulated emissions, the 2050 CHP-S scenario shows the strongest decrease in GHG emissions owing to the fact that power and heat are associated with larger specific GHG emission savings than fuels. In terms of acidification potential, however, the three other scenarios clearly outperform the CHP-S scenario. Due to these conflicting results, it is impossible, from a scientifically objective perspective, to identify one single scenario that is associated with the least amount of environmental impact across all impact categories.
Impacts on biodiversity
The highest risks to biodiversity loss relate to the loss of valuable habitats (Groom et al., 2006) . Thus, the impact assessment on biodiversity is built upon information on land-use change. This analysis is achieved using the interlinked modeling approach presented in this paper. Information on global production and import patterns from MAGNET, together with disaggregated land use patterns and information on land with high biodiversity value from LandSHIFT, are used to determine global impacts from German bioenergy demands. For each grid cell, we checked if there was a land-use change in terms of cropland replacing a valuable natural land cover. The loss of primary forests and protected areas is assumed to be associated with high risks to biodiversity, and the loss of unmanaged grasslands, wetlands, forests and peatland is associated with medium to high risk. Risks from the conversion of managed grassland can range from low to high, depending greatly on how the grassland was previously managed. Land-use change within already cultivated land is assumed to be of low risk to biodiversity. If a grid cell contains raw material production (e.g. crop commodities), we assess the type of land-use change which took place since 2007. For countries producing a raw material, we add up the volume of raw material associated with a specific landuse change, e.g. primary forest to cropland, natural grassland to cropland, etc. We assume that exported raw materials show the same proportion of land-use change. Based on import flows and domestic use of raw materials (derived from MAGNET) the associated amount of land and its specific land-use change patterns are assessed. Such a characteristic for land-use change is illustrated in Table 6 for Germany in 2030 compared to 2007, and for 2050 compared to 2007, where imports to Germany are distinguished between imports from European countries (EU) and countries outside of Europe (non-EU). In the Fuel-BAU scenarios (2030, 2050) and Fuel-S scenario (2030) about two-thirds of the used land already belonged to the low-risk category, i.e. already cultivated land, in 2007. The strongest land-use change patterns occur for unused grassland (up to 3.5 M ha) followed by used grassland (up to 1.3 M ha) and forest (up to 0.7 M ha). The assumed protection of land categories after 2015 in the Fuel-S scenario results in low conversion of forests, peatland, primary forests and protected areas in 2030. In the 2050 Fuel-S scenario almost all bioenergy used in Germany is biogas that has been produced domestically. The area required -about 4 M ha -is much smaller than the land area needed when biomass is imported for biofuel production due to the comparably high productivity of land in Germany and the area efficiency of biogas compared to some biofuels.
Communication of findings
The different model results enable us to provide decision makers, who are active in the field of national bioenergy policy, with a comprehensive picture of the four scenarios. It should be noted that these scenarios are extrema. It is important to clearly communicate that these results only represent an interim step towards a more realistic picture of possible bioenergy futures, which need to be concluded from the scenario bundle as a whole. Following this research design, we will have to intensively assess and further develop the scenario results to create support elements for a bioenergy strategy. Three approaches for further processing the scenario results are described in an exemplary fashion below:
Example 1: Even under extreme scenarios conditions, in terms of environmental impacts, it is impossible, from a scientifically objective perspective, to identify one single scenario which is associated with the least amount of environmental impact across all impact categories. Stationary bioenergy use (for combined heat and power), for example, shows a stronger decrease in GHG emissions but higher emissions affecting acidification potential. This conflict of goals can only be resolved in a political debate in which alternatives to biomass also need to be taken into account. In the power sector, non-biogenic renewables could potentially play a bigger role, whereas in the transport sector (especially aviation), alternatives to biofuels will most likely be very costly. Example 2: When assessing the power and transport scenarios, if competing technologies are found in both scenarios (i.e. biodiesel, ethanol from straw and biomethane), we will have to decide whether such robust elements should have a higher relevance in the bioenergy strategy. One relevant finding for these elements is that new technologies using woody biomass as a feedstock for biofuel provision do not achieve a relevant market share until 2050 in all four scenarios. This result leads to two conclusions: (1) there is a need for further investigation, under what conditions biofuels from lignocellulosic material achieve higher market shares and (2) that there is a need for action if food crop based on biofuels should be limited. In this sense, the 7% cap for biofuels produced from food crops (implemented via Directive 2015/1513) is a measure, which is in line with the results of our study. However, from an environmental point of view, this measure is debatable: the bottom line is the land use associated with energy crops cultivation (and thus increasing competition) and not the fact that some of those crops are edible. Example 3: Another relevant finding is obtained when answering the question of which national bioenergy strategy under investigation has no effect or only minor effects on risks related to land-use change. Here, it is clearly demonstrated that international agreements on land use and land-use change are much more relevant for the overall environmental impacts of bioenergy use than the differentiated national policy strategies to support biofuels or power generation on a national level. Consequently, the international governance on land use has to be supported intensively from bioenergy supporting nations. In conclusion for national bioenergy strategies, increasing bioenergy from energy crops should only be supported in the longer term once international land-use policies will have improved.
With regard to the intended bioenergy strategies, these findings provide parts and pieces for a bioenergy strategy. In addition to these parts and pieces, modeling findings should also be linked to relevant aspects not or only partly considered in the study (i.e. trends in heat provision from biomass, assessment of land-use change) should be discussed in order to provide transparent and more complete information for decision makers.
Discussion
The MILESTONES modeling framework can provide comprehensive information on bioenergy conversion plants, related feedstock markets, and the land where the feedstock is produced. This facilitates the assessment of biomass flows with regard to many different potential environmental impacts along the entire provision chain.
Up to now, this has been the first attempt to design a modeling framework based on system models which explicitly focuses on the national perspective of bioenergy planning. It builds on three well tested sectoral models that are coupled by defined interfaces and use consistent initial conditions. Compared to other approaches, which couple economic, land-use and energy sector models that focus on global aspects (see Popp et al., 2014) , the MILESTONES framework allows us to illustrate the specifics of the German policies and regulations in much greater detail. As it also considers cross-scale dependencies between the German bioenergy system and the international biomass trade (e.g. Scholes et al., 2013) , it provides a testbed for evaluating national strategies in light of international policy settings, for example with regard to the implementation of protected areas and future biomass demands for food and energy. In the case study, we were able to explore both the effects of national policy making on global land-use change and, vice versa, the effect of declining global land availability on the decision-making processes within the German bioenergy system (selection of technologies). By investigating the relatively simple extreme scenarios, we have demonstrated that the developed approach can be applied to provide crucial information in the development of long-term bioenergy strategies.
The results from the case study made it clear that, on the one hand, the effects from German bioenergy strategies do not affect international market prices, but on the other hand land-use policies on an international level strongly influence the environmental performance of any German bioenergy strategy. This effect is again underlined by the scenario assumption that Germany will increase its biofuel production to a much larger extend than other countries. The conclusion is that the establishment of international governance on land use should be a prior element of a national bioenergy strategy that aims to have a more sustainable use of resources. A second relevant finding is that, in all scenarios, bioenergy production from annual energy crops was more cost-competitive than biofuels from woody sources, even when considering the rather high CO 2 abatement credits. The conclusion for a national strategy is that, if biofuels from woody resources should enter the market, it is necessary to have dedicated market introduction support schemes that are stable over the long term. This is only realistic if there are clear advantages from those fuels in terms of technical and environmental performance, and promising utilization sectors are derived from those advantages (i.e. aviation). Hence, the model results for Germany show that a more specific bioenergy strategy is necessary for the transport sector, which also includes, for example, a dedicated analysis of different transport sectors (public and private road transport, heavy vehicles, aviation, shipping etc.), the related demand on fuel qualities and quantities, the substitution potential from different biofuels, the related environmental and social impact, and the stakeholder-related aspects of market implementation. At the same time, the actual use of woody biomass in heat provision might have a higher strategic relevance than it was assumed when the scenarios were set.
However, there are several limitations and shortcomings of the modeling approach that need to be addressed in future research in order to improve the reliability of the simulation results.
(1) A fundamental challenge for modeling the biomass flows is the fact that many different biomass resources from agriculture, forestry and waste management are suitable for bioenergy provision but market models are only well established for agricultural products. Thus a lot of additional assumptions are necessary to describe the other biomass flows, which decreases the coherence of the results. (2) Additionally, the ability of the different models to consider and process the many assumptions is limited. For example, MAGNET, as a typical CGE model, does not represent the renewable energy provision in detail. Thus, the developed modeling approach needs more testing in order to understand the relevance of the model-related uncertainties. (3) With regard to the coupling of BENSIM and MAGNET, the link was restricted to internationally traded energy crops which are the biomass resources most sensitive in terms of future potentials (Chum et al., 2011) . For other resources, we had to work with external assumptions, which we assessed through expert knowledge and comprehensive sensitivity analysis (Millinger et al., submitted) . While we provided coherent modeled results for internationally traded energy crop related bioenergy, there are still uncertainties surrounding the quality of the results for systems using woody biomass and/or domestic resources. (4) A more comprehensive assessment of the direct and indirect effects of the modeled biomass flows is necessary to interpret the scenarios. This is especially crucial for land-use change where the displacement of natural land by cropland and pasture can happen both on a regional and global level through the trade of agricultural commodities (see Lambin and Meyfroidt, 2011) . Data quality and sector details in MAGNET so far only allowed calculations of LUC-related GHG emissions in the FUEL scenarios. Moreover, the assumption that land-use restrictions are implemented and followed is crucial for the outcomes of our study and it should be assessed whether this is a realistic assumption (see e.g. Andam et al., 2008; Bryngelsson and Lindgren, 2013; Leverington et al., 2010) . (5) Up to now we have used a qualitative approach for model evaluation (4.7). In order to learn more about the dynamics of the modeled system and the robustness of the simulation results, it will be necessary to systematically explore and quantify model uncertainties.
In conclusion, the case study demonstrates that the MILE-STONES modeling framework can provide valuable information to support policy makers in designing national bioenergy strategies. Nevertheless, further significant improvements, with respect to both the concept and the software, are required to provide a coherent assessment tool that can also be applied outside the scientific context. This includes the updating of input data, the consideration of a wider range of biomass by model routines, the development of a more sophisticated automated mechanism of model coupling, and the joint assessment of biomass use for power and heat production in combination with the transport sector. Beyond the bioenergy perspective we see a great potential to adapt the modeling framework for identifying robust utilization options for other biomass-based value chains (i.e. bio-materials) in the context of Germany's national bio-economy strategy (BMBF, 2010) . All regions see Table A1 2010 to 2050 in 5-year increments Wheat, coarse grains, oilseeds, sugar crops, rice and other crops Yields t/ha CHP-BAU, CHP-S, Fuel-BAU, Fuel-S
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